The purpose of this study was to determine 1) the test-retest reliability of adult accelerometermeasured physical activity, and 2) how data processing decisions affect physical activity levels and test-retest reliability. Methods: 143 people wore the ActiGraph accelerometer for 2 7-day periods, 1 to 4 weeks apart. Five algorithms, varying nonwear criteria (20 vs. 60 min of 0 counts) and minimum wear requirements (6 vs. 10 hrs/day for ≥ 4 days) and a separate algorithm requiring ≥ 3 counts per min and ≥ 2 hours per day, were used to process the accelerometer data. Results: Processing the accelerometer data with different algorithms resulted in different levels of counts per day, sedentary, and moderate-to-vigorous physical activity. Reliability correlations were very good to excellent (ICC = 0.70-0.90) for almost all algorithms and there were no significant differences between physical activity measures at Time 1 and Time 2. Conclusions: This paper presents the first assessment of test-retest reliability of the Actigraph over separate administrations in free-living subjects. The ActiGraph was highly reliable in measuring activity over a 7-day period in natural settings but data were sensitive to the algorithms used to process them.
To better understand levels of physical activity, trends over time, effects of intervention efforts, and associations between physical activity and a number of chronic diseases, it is crucial to obtain valid and reliable levels and patterns of physical activity that are representative of habitual physical activity behavior. Unfortunately, such an assessment mechanism has been difficult to identify. Accelerometers have become the assessment tool of choice for many physical activity researchers due to their small size, relatively objective data, and ability to characterize several aspects of physical activity behavior. One of the most common models currently used for research purposes is the ActiGraph (ActiGraph, LLC, Pensacola, FL). While the ActiGraph worn on the hip provides valid estimates of locomotor activity it is less valid when measuring activity requiring additional upper limb movement such as weight lifting or activities with little vertical displacement such as bicycle riding. Despite these limitations, several studies have validated the ActiGraph accelerometer in youth and adult populations in laboratory conditions using indirect calorimetry as the criterion standard. [1] [2] [3] In addition to these validation studies, previous work has tested interinstrument reliability of accelerometers in laboratory conditions and found acceptable to high interinstrument reliability for the ActiGraph. 3, 4 In addition, McClain et al 5 have recently reported acceptable interinstrument reliability between ActiGraphs worn on the right and left hip in free-living adults.
Test-retest reliability is frequently assessed for most physical activity self-report instruments. Matthews et al studied participants wearing ActiGraph accelerometers for up to 21 days to test the reliability of measures across days of the week. 6 It was recommended that 3 to 4 days are needed to provide a reliable assessment of weekly physical activity and 7 days for inactivity.
However, the test-retest reliability of weekly ActiGraph measures has not been tested in free-living individuals across separate administrations. Assessing test-reliability from one week to another helps identify the level of stability in adult physical activity from week to week. Acceptable test-retest reliability would provide physical activity researchers with greater assurance that when accelerometer data are collected for 1 week that they are truly obtaining a reliable assessment of the individual's habitual activity level, at least in the short term.
Outcome estimates of time spent in sedentary, light, moderate to vigorous physical activity (MVPA), and vigorous physical activity (VPA) can be affected by a number of data processing decisions. 7 These data processing procedures are used to make empirically based decisions regarding when the accelerometer was not worn and how much data are required for each day of wear.
While it is known that these decisions affect measures of physical activity outcomes, it is not clear how these decisions might affect reliability of the ActiGraph data. Determining if one data processing approach produces more reliable estimates of physical activity compared with others may impact researchers' selection of data processing rules.
Accordingly, the purpose of this study was to determine 1) the test-retest reliability of accelerometermeasured physical activity obtained from community dwelling adults, and 2) how data processing decisions affect measurement of physical activity levels and testretest reliability results.
Methods

Settings and Participants
Data were collected as part of the Twin Cities Walking Study (TCWS). In the TCWS, 716 participants were sampled from the 36 environmentally diverse 805 × 805 m neighborhoods or focus areas in part of the Twin Cities, Minnesota. 8 Approximately 20 participants were recruited from each area. Sampling and recruitment strategies are described elsewhere as is the test-retest reliability of the survey instrument. 9, 10 Sampling and recruitment occurred in 4 2-month waves from April to November, the warmer months. Seventy-four percent of participants were randomly selected with others recruited through a variety of mechanisms. 10 The University of Minnesota Institutional Review Board approved the study.
The sample included 158 adults (of the 716) recruited for the retest sample 1 to 4 weeks after their initial participation in the study. Fifteen of the subjects were excluded due to monitor malfunction or not having ActiGraph data at either time point, leaving N = 143 for the analyses used for this paper.
Physical Activity Assessment
Physical activity was assessed with the ActiGraph (Model 7164; Pensacola, FL) accelerometer. It is a small (5.1 × 3.8 × 1.5 cm), lightweight (42.6 g), single plane (vertical) accelerometer that collects and stores accelerations from 0.05 to 2.00 G with a frequency response of 0.25 to 2.50 Hz. These settings capture normal human motion but filter out high frequency vibrations from mechanical sources (eg, operating a lawn mower). 11 The analog acceleration is filtered and converted to a digital signal and this value (count) is stored in user-specified time intervals. Oneminute intervals were used for this study.
Raw ActiGraph counts were categorized using the Freedson et al cutpoints to determine time spent in light, moderate, and vigorous physical activity. 12 The cutpoint between sedentary and light intensity was set at 100 counts/min. 13 Also, data files containing data points ≥ 15,000 counts/min were identified and reviewed manually. Files with fewer than 6 data points above this cutpoint were retained and those specific data points were set to missing. If more than 5 such data points were detected the data file was not included. For the current study, no data points were detected above 15,000 counts/min.
Accelerometer readings were conducted in 2 7-day periods. For each data collection week, participants were instructed to wear the accelerometer on their right hip for 7 days (except for sleeping, swimming or bathing) and to return the monitor in a prepaid envelope following the data collection period. To ensure completeness, data were examined before payment of incentives was made to participants. Compliance with wearing the ActiGraph was assessed by a data checking protocol in which ActiGraph data were scanned manually for completeness. If data were believed to be missing the subject was asked to wear the monitor again for another week (n = 5). For the current paper, if more than 1 data file was available for a participant at a given time point, only the file with the greatest number of mean minutes worn per day (using the 10 × 60 algorithm) was included for all analyses. Upon return, each monitor was downloaded to a computer for subsequent data reduction using several different algorithms.
Procedures
Five algorithms were used to process the raw accelerometer files. Four of the algorithms alternated with 20 or 60 minutes of continuous zeros to define nonwear times and 6 or 10 hours per day of required wear time. Using 60 consecutive minutes of zeros to define nonwear time was based on work done with the accelerometer data collected as part of the 2003 to 2004 National Health and Nutrition Examination Survey. 14, 15 The shorter criterion of 20 minutes was also used although this may be more appropriate for younger populations (children, adolescents). 7 Defining daily required wear time was also based on previous research. Ten hours per day of accelerometer data has been the most used time period (n = 8) in a recent literature review. 7 The same review identified 7 studies using 4 to 9 hours per day as a criterion for defining an acceptable day of data. 7 We chose to apply 1 criteria (6 hours per day) that would approximately represent these studies. The fifth algorithm was based on previous work that has been done with the accelerometer data from this study. 8 For all algorithms, at least 4 days of data meeting these criteria were required to be included in the data set. The algorithms were as follows:
• algorithm 60 × 10: ≥ 60 consecutive zero off bout criteria, ≥ 10 hours per day. Participants needed to have at least 10 hours of data per day, after removing non-wear times defined as periods of at least 60 minutes of continuous zeros.
• algorithm 20 × 10: ≥ 20 consecutive zero off bout criteria, ≥ 10 hours per day. Participants needed to have at least 10 hours of data per day, after removing non-wear times defined as periods of at least 20 minutes of continuous zeros.
• algorithm 60 × 6: ≥ 60 consecutive zero off bout criteria, ≥ 6 hours per day. Participants needed to have at least 6 hours of data per day, after removing non-wear times defined as periods of at least 60 minutes of continuous zeros.
• algorithm 20 × 6: ≥ 20 consecutive zero off bout criteria, ≥ 6 hours per day. Participants needed to have at least 6 hours of data per day, after removing non-wear times defined as periods of at least 20 minutes of continuous zeros.
• algorithm 3 × 2: ≥ 3 counts per min, ≥ 2 hours per day. Participants needed to have at least 2 hours of data per day, with at least 3 counts detected for each minute.
Statistical Analysis
Descriptive characteristics of the sample were analyzed with means and t tests, or percentages and chi-square tests. Differences in accelerometer variables using the 5 algorithms were identified with repeated measures general linear models. Test-retest reliability was assessed by calculating the Intraclass Correlation Coefficient (ICC) between accelerometer variables at Time 1 and Time 2.
The accelerometer data were normally distributed with the exception of VPA which was positively skewed. Therefore, analyses of VPA were performed on log transformed values. All analyses were performed in SAS 9.1 (Cary, NC). Table 1 presents characteristics of the subjects in and out of the reliability sample. In general the participants were similar although the reliability sample was more highly educated (P = .002). Table 2 contains compliance characteristics of the test-retest sample. Based on the algorithm applied, the number of participants meeting inclusion criteria ranged from 135 to 142 across time points. Nearly all of the participants (94.5-99.3%) provided at least 4 days of accelerometer data, regardless of algorithm applied. However, the 20 × 10 algorithm excluded the most participants at both time points. For those participants that met the wear time inclusion criteria, mean wear time ranged from 8.2 to 14.5 hours per day (491.2-872.0 minutes). Data reduced using the 3 × 2 algorithm had the shortest wear time and the 60 × 10 algorithm had the most wear time. Table 3 presents the results of analyses comparing physical activity measures among algorithms and testretest reliability. There are 2 main findings. In terms of test-retest reliability almost all algorithms produced no significant difference between Time 1 and Time 2 meaning that the accelerometer measures were highly reliable (ICC range = 0.77-0.90). The one exception was the measure of sedentary minutes per day using the 3 × 2 algorithm (difference between T1 and T2, P = .001) with 9.7 more sedentary minutes detected at Time 2 versus Time 1. Test-retest reliability estimates were slightly lower for participants with 4 to 6 days of data compared with those with 7 days of data. The decrease in coefficients between these compliance groups ranged from -0.01 to -0.08 depending on the variable but all ICCs were ≥ 0.80. Due to limited sample sizes, these comparisons were only conducted for the 60 × 10 and 20 × 10 algorithms. Different algorithms did produce different estimates of physical activity behavior. Applying the 20-min nonwear algorithms produced greater counts/min/day, compared with the 60-min nonwear algorithms. However, using the 10-hour per day criteria (with either 20 or 60-minutes nonwear criteria) resulted in greater minutes of MVPA compared with 6-hour per day algorithms. While these differences were statistically significant, the range in MVPA values at Time 1 (4.5 minutes) and Time 2 (3.8 minutes) may not represent biologically meaningful differences. For sedentary behavior, the 60-min nonwear algorithms produced greater minutes of sedentary behavior compared with the 20-min nonwear algorithms, likely due to the inclusion of additional zero data points in the reduced data file. No statistically significant differences (at P ≤ .05) were detected for daily minutes of VPA, likely due to the low median values across all algorithms; 0.00 to 0.10 minutes per day with interquartile ranges from 0.00 to 0.41.
Results
Reducing the data with the 3 × 2 algorithm resulted in physical activity measures that were most different from the other algorithms. The 3 × 2 algorithm produced the largest counts/min/day values due to the fact that zero values were removed (each data point needed to have at least 3 counts/min to be included). In addition, the 3 × 2 algorithm resulted in the fewest minutes of sedentary behavior compared with all other algorithms (3.2 hours per day at Time 1 and 3.4 hours per day at Time 2). Despite these differences, the 3 × 2 algorithm produced minutes of MVPA that were similar to the results using the other algorithms.
Discussion
This paper presents the first assessment of week to week test-retest reliability of the Actigraph in free-living adult subjects and also provides a new assessment of the sensitivity of accelerometer data to different data processing algorithms.
That the accelerometer measurements are reliable across administrations is an important finding, particularly when compared with the IPAQ long form, a self-report questionnaire, used in the same study. 9 Prior analyses with the same data set had shown that the IPAQ-LF was not a reliable measure of habitual physical activity with only 2 administrations (total physical activity, Spearman r = .31). The best reliabilities in other studies had come between a third and fourth administration of the IPAQ-LF. 16 The results of the current study suggest that 1 week of accelerometer data in adults is representative of usual physical activity. Still, the effect of seasonal differences cannot be established with the current study since the retest measurement occurred 1 to 4 weeks after the initial data collection. Seasonal changes in adult physical activity have been previously observed 17 and may be particularly important for areas with extremely cold or hot weather that may hinder some outdoor activities.
The different algorithms for processing accelerometer data did result in different levels of counts/min/day, sedentary time, and MVPA. There were no statistically significant differences for VPA; likely due to the low levels in this sample. Mean counts/min/day were highest with the 3 × 2 algorithm as would be expected given that this algorithm excluded data points less than 3 counts/ min. Not including any minutes with 0 to 2 counts results ≥ 60 consecutive zero off bout criteria, ≥ 6 hours per day; T1 n = 141, T2 n = 142.
Algorithm 20 x 6: ≥ 20 consecutive zero off bout criteria, ≥ 6 hours per day; T1 n = 141, T2 n = 142. Algorithm 3 x 2:
≥ 3 counts per min with ≥ 2 hours per day; T1 n = 142, T2 n = 141.
* Analysis performed on log transformed VPA minutes/day due to nonnormal distribution of data; nontransformed values are presented.
in a higher estimate of mean counts/min/day but is artificially high if the ActiGraph occasionally registers counts of 0 to 2 when worn. It also produced the fewest minutes of sedentary behavior. Given the very sedentary nature of many people's lives (sitting at a desk at work and high levels of screen media use at home), the inclusion of some zero data points may actually be a truer representation of people's activity profile. The finding that the 3 × 2 algorithm categorized only about 3 hours per day of participants' ActiGraph data as sedentary time indicates that this algorithm may not be appropriate for assessing sedentary behavior. However, it did provide similar results to the other algorithms for MVPA. The 3 × 2 algorithm was included in these analyses since it had been used previously to calculate mean total activity counts per day with this data. 8 Due to the different results produced when using this algorithm compared with the others, it is recommended that this algorithm only be used when estimating mean minutes per day spent in total activity. Among the other algorithms, using 60 continuous zeros to define nonwear time resulted in more zero data points being included in the data set that would get eliminated when using the 20-minute criterion. Thus, the algorithms using a 20-minute nonwear criterion (20 × 10 and 20 × 6) resulted in fewer sedentary minutes per day compared with the 60-minute nonwear algorithms. The hours per day criterion also affected estimated sedentary minutes such that sedentary minutes using the 60 × 10 algorithm were greater than those for the 60 × 6 and the sedentary minutes using the 20 × 10 algorithm were greater than for the 20 × 6 algorithm. This phenomenon occurs because the 4 hours of wear time (10 vs. 6 hours) allows for more opportunity to record sedentary time. This is important as accelerometers are increasingly being used to investigate patterns of sedentary behavior. 18 Therefore, researchers need to also consider the implications of the interactive effects of these data processing decisions on the outcome measures.
For MVPA, a commonly used outcome in physical activity research, results were similar across all algorithms, although statistically significant differences were detected. The results of the current study suggest that MVPA was slightly greater when using the 10 hour per day algorithms compared with the 6-hour-per-day algorithms. For MVPA, the critical factor appears to be the hours of data required per day rather than the nonwear criteria. By requiring the inclusion of an additional 4 hours of data per day, there is a greater likelihood of capturing additional MVPA.
A strength of this study was that the vast majority of participants were compliant with the ActiGraph protocol. This study included mostly Caucasian adults from 1 Midwestern city and the results may not apply to all populations. For example, younger adults without families and older adults may have more reliable physical activity patterns possibly due to fewer family and/or work demands. In addition, weight status may affect the week to week reliability of physical activity. Healthy weight individuals may be more likely to participate regularly in physical activity while overweight individuals may be less consistent with their physically active pursuits from week to week. In addition, compared with the full TCWS sample, the reliability subsample used for these analyses were more likely to have a college degree and there was a trend for a greater proportion of participants to be from low density, large block size (ie, suburban) neighborhoods. The racial distribution and education level of the sample used for the current study indicates that they may be more active than the general population, since Caucasians and more educated adults tend to be more active than minority or relatively less educated adults. 19 However, it is not likely that these characteristics would affect reliability of physical activity behavior. One might hypothesize that more highly educated or higher income individuals might have more stable work schedules, and thus, more time for structured or recreational activity. This stability in socioeconomic status may then translate into greater stability of physical activity behavior from one week to the next. However, to our knowledge there is no published data to support or refute this hypothesis. Lastly, this study was not designed to address the reliability of physical activity across seasons. Further research on the effect of season on physical activity and related health outcomes (eg, weight status, diabetes, CVD risk) will require additional research.
It is recommended that future studies consider the population being studied to determine the appropriate nonwear criterion. While it might be reasonable to expect older individuals to sit still for 60 minutes (0 counts on the ActiGraph) this is not likely an appropriate criterion for younger children. To determine the nonwear criterion, researchers are encouraged to calculate the number of nonwear bouts (ie, number of bouts of continuous zeros per day). Using a longer nonwear criterion (eg, 60 minutes) will result in fewer nonwear bouts than a shorter nonwear criterion (eg, 15 min). The number of nonwear bouts can be compared with what is expected based on the study protocol or to self-report journals/diaries of times when the ActiGraph was not worn. In addition, additional calibration studies would shed light on this issue by having subjects sit still for as long as possible or directly observing their movement during sedentary behaviors (eg, watching television) in a natural setting and comparing those observations with what is recorded on the accelerometer.
Additional studies are needed to determine the appropriate hours per day criterion for different populations. A 10-hours/day criterion might be too long for preschoolaged children who still require more sleep compared with adults. In addition, time requirements for school-aged children may need to be segmented due to the school day (eg, before-, during-, and after-school) since certain segments of the day may be more important to capture than others. In addition, separate hours per day criteria may be needed for weekday and weekend days due to different sleeping patterns.
In these analyses, the ActiGraph accelerometer was reliable in measuring adult physical activity in natural settings over 2 7-day periods separated by 1 to 4 weeks. Data were sensitive to the algorithms used to process the raw data. For mean counts/minute/day, using a 20-minute nonwear criterion resulted in higher estimates compared with using a 60-minute nonwear criterion. However, for MVPA, all of the algorithms produced mean estimates that were within 5 minutes of each other indicating that, when MVPA is the primary outcome of interest, any of the algorithms tested here would provide similar results. For sedentary behavior, both the nonwear time and hours per day criteria used in the algorithms affected the estimates indicating that when sedentary behavior is to be assessed, researchers will need to consider both of these factors when choosing a data reduction method. Algorithms did not affect reliability, with all but 1 estimate being very good to excellent. Researchers using the ActiGraph to measure physical activity should be aware of this sensitivity and fully report their data processing decisions.
